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The CMS Detector

EM and calorimeters
photons, isolation, jet reco

Inner tracker:
charged particles
vertex, 1solation
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Recent CMS Results on Jet Quenching

@t Fragmentation Function:\
how transverse momentum is
distributed inside the jet cone
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ﬁlavor Dependence of\

High pT Physics in the RHIC-LHC Era

Subleading jet

Jet 1, pt: 70.0 GeV

See Sevil’s talk on jet spectra and
heavy flavor jet results

the Parton Energy Loss

through heavy flavor
meson suppression
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Recent CMS Results on Jet Quenching

Subleading jet

@t Fragmentation Function:\
how transverse momentum is

distributed inside the jet cone

See Sevil’s talk on jet spectra and
Leading jet heavy flavor jet results
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Inclusive Jet Fragmentation Function

Charged particle in the jet cone PbPb - pp CMS Preliminary  PFD /[ pp
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1F cMS  0-10% (2.76 TeV PbPb) - f PR (e dG eV PPy 3
Y “F30.9nb (5.02 TeV pPb )4
o U-8E 120 < Jetp <300GeVic ] 5 (25" (7 TeV pp) :
o r One more low p; particle = o =
| 0.6 _¢ in the jet cone R=0.3 - g » —
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CMS-PAS-HIN-15-004
PRC 90 (2014) 024908

Jet fragmentation function in pPb is unmodified
with respect to an interpolated pp reference
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Jet Fragmentation Function in pPb

2.5 (7 TeV pp)

Increasing jet p; (in GeV) CMS-PAS-HIN-15-004
60 80 80 - 100 100 120 120 - 140 140 200
5 3 pb (2 76 TeV pp) antl k partlcle flow Jets R 0 3 ' |T1‘C:M|<1 5 K o CMS
“F30.9 nb (5.02 TeV pPb)} T " T Preliminary

T120<p <140Gevic  T140 <p <200 Gevic
N Ll e aaaul e sl s el gl

10 10 1 10 1 10 10° 1 10 10°
P (GeVrc) pr>* (GeVi/c) pI=* (GeV/c) prk (GeV/c)
22T NS Preliminary -
2:— CMS PRC 9ojg2014) 024908 — . _ .

1.8] 100 < oy < 120 GeVic 4 The observed modification in
<1.6) = pPb . collisions is not coming
81.4F . R
d' 2:% B from initial state effects
S '1 .

Q 0al +++‘ i - __
0 L ] Jet fragmentation function in pPb
0.4k E Is unmodified with respect to an
0o 1 2 3 4 5 Interpolated pp reference
E=1In(1/z)
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Recent CMS Results on Jet Quenching
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i 5 | 'CMS PbPb, Vs, =276 TeV
' L dt=150 ub" ]
- anti-k; jets: R=0.3 .
& T R 1
“-“E‘ - ]
&
Eﬂ""“h
= pl*' > 100 GeVic
i 0. 3 <M <2 |
0.5 0-10% p?r"’“’" >1 GeV/c -
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1 Energy
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High p- Jet Shape in PbPb @ 2.76 TeV

Jet shape PbPb /pp

similar to that in pp
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anti-k; R = 03h1 |<16
120<p <300, p ,> 50 GeVic, Ad, ,> 5n/6

CMS Preliminary

PbPb 166 ub™ (2.76 TeV)
pp 5.3 pb™ (2.76 TeV)

N

—e— PbPb/pp
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Observation of energy redistribution inside the jet cone
The bulk of the Jet structure at the core of the jet is actually pretty
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Leading Jet shapes in PbPb @ 2.76 TeV

A, Inclusive Leading Jet Shape anti-k; R = 0.3, Irl |<1.6

pp5.3pb’(2.76 TeV)  PbPb 166 pb ™ (2.76 TeV) 120 <p_ <300, p ,> 50 GeVic, Ao, > 5n/6 _
Obtained from a

pp Refrence EPbe Cent. 50-100% E\Pbe Cent. 0-30% . .
two-particle correlation

CMS Preliminary

method (jet-track) with
mixed event background
subtraction

10™
102
0 02 04A06 0.8 4 3
[ 05<p™>*<1Gevic - —— PbPb/pp
[ Jreoreccoone . . PLB730(2014) |
] 2 <p**<3GeVic § 4t -
- 3<p:SS°C'<4GeWC § 3r n
- 46:8553:;8\?9\”0 é;’._ 2 %% _ Subleading jet
P> evic ﬂﬁ“ﬁ _____________ "%
%V/% Total paTSS°°'> 0.5 GeV/c 1 g | | | |
i, I<2.4 02 04 06 0.8 02 04,06 08 | T
« Small modification of the core of the jet (small A | = = B
region, dominated by high p; particles) N \$.
 Sizable modification in the tail part of the jet (large A R, o
region, dominated by low p; particles) \
» Leading jet shape modification is compared to
the published inclusive jet shape Lgadingist CMS-PAS-HIN-15-011
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Subleading Jet shapes in PbPb @ 2.76 TeV

A, Inclusive SubLeading Jet Shape anti-k; R = 0.3, Irl |<1.6
pp 5.3 pb™” (2.76 TeV) PbPb 166 pb™ (2.76 TeV) 120 <p, <300, p ,> 50 GeVre, Ao, > 5n/6

PbPb Cent. 50-100% PbPb Cent. 0-30%

Obtained by a
two-particle correlation
method (jet-track) with
mixed event background
subtraction

pp Refrence
CMS Preliminary

10
102
0 02 04 Ar 0.6 08 6- 3
[ 05<p™=<1Gevic o PbPb/pp 3
[ ] 1<pX**<2GeVic E i :
[ ] 2<p™*<3Gevic k=t 4 ]
- 3 <pissoc'< 4 GeVl/c § 3;— —
- 4<p:sscc-<8Ger{C i 2; ) ; / ) , . . SUbleading Jet
- paTSS°°->8GeWc == 1: oy . Y -
% Total paTssoc-> 0.5 GeV/c [ | | | | g | | | | —
M| 24 ~ 02 04, 06 08 02 04,606 08 A
A A
s < = A
« Subleading jet shapes are wider than the leading jet shape A 2 §.
« Significant modification is observed in large A region i
(dominated by low pT particles)

Leading jet CMS-PAS-HIN-15-011
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Recent CMS Results on Jet Quenching
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Subleading jet

Jet 1, pt: 70.0 GeV
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Missing p;llvs. A

What is the angular distribution of
these particles with respect to the
dijet system?

Calculate the missing p; for charged
particles that fall in slices of A

i

l/il[ — (Z —F'iT cos (¢ — ‘;bdi]'et]) |men{ A <Ry

A — \/ﬂfpgfrk,jet + Aq%rk,jet
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Missing p;llvs. A

What is the angular distribution of
these particles with respect to the
dijet system?

Calculate the missing p; for charged
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Missing p;!l vs. Ain pp

Subleading jet direction Contribution from third jet p;,>120, p, >50 GeVic
m1|,|n2|<0.50, A¢1.2>5n/6
SR antik, Calo R=0.3

. CMS pp ] o i

: trk
DD DoQ O O g Hi e*Geviey:
" 41 O 0.5-300 GeVi/c

/ -20 ’ H PP <PT | | Integrated curve
V/ : . pp <pT>[O,A] fromOto A

05 1 15

Leading jet direction

. . . A A - \/A(p%rk,jet + All%rk,jet
Asymmetry inside the jet cone

JHEP 01 (2016) 006
Cias, ! -
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Missing p;!! vs. Aiin pp
Contribution from third jet P, >120, p,>50 GeV/c
n,.n,|<0.50, A¢, >5n/6
anti-k; Calo R=0.3

Subleading jet direction
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]
| I, J<2.4

trk
= p‘Trk (GeVic):

] [05-1.0[2.0-4.0

1 []1.0-2.04.0-8.0

0>05 [8.0-300.0

Integrated curve
from O to A

A = \/Aq)%rk,jet + A’]%rk,jet

Leading jet direction
JHEP 01 (2016) 006

16 :
N

Asymmetry inside the jet cone
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I\/Ilssmg pT” vs. A

Subleading jet direction

4 fcms | 'Pbe 0-30%
S
)
2 10
A -~
=
-20/=
e +——
; 05 1 15 5. (PpPb 0-30%) - pp
|
<PT> trk A [GGV]
Leading jet direction .
120gJ 50 GeV/ 0.5-1.0
pT,1> ’pT,2> Sl
In,} In,1<0.50, A0, >5m/6 1.0-2.0
anti-k, Calo R=0.3 2.0-4.0
Bl 4.0-8.0
B 5 03000
m | <24
trk =
JHEP 01 (2016) 006 ; Tk
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I\/Ilssmg pT” \VISHAN

Subleading jet direction

| 'Pbe 0- 30%

<PT>ptTrk,A [GeV] L /

Leading jet direction 05-1.0 Open circles:
120, p._>50 GeV/ e

S R P 1.0-2.0 = o Integrlated over

n,J.In, |<0.50,A¢, >n/6 | particle p;

anti-k, Calo R=0.3 2.0-4.0

B 4.0-8.0
B 8.0.300.0

m | <24

trk

JHEP 01 (2016) 006
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I\/Ilssmg pT” vs. A

Subleading jet direction

| 'Pbe 0- 30%
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;‘I '20 | _
| 05 1 15 51 (PbPb 0-30%) - at small A
| ' :
eading jet direction
120(\:JJ 50 GeV/ 0.5-1.0
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n,l.i,|<0.50, A0, >5m/6

anti-k, Calo R=0.3 2.0-4.0
B 4.0-8.0
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I\/Ilssmg pT” vs. A

Subleading jet direction —
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Anti-k- Jets with Different R Parameters

- 1 | I | 1 | I | I | | | | I | | | -]
: PYTHIA gen-level 1 Jet shape from PYTHIA
B ® R=0.2 .
'. B R=05 1
| leading jet, p_, > 120 GeV _ ]
10 3 E Jets reconstructed with
paricle ] _ . - .
3 o P >05GeV 1 ___— R=0.5gives "wider” jet
Q
B /
1 ® = _
o = - Jets reconstructed with
] _— - ” "
— — R=0.2 gives "narrower” et
® u |
° o L]
107 | L | |.'——
0 0.1 0.2 A 0.3 0.4

« Jets are only meaningful if the algorithm is defined
.« Different parameter R select different sets of dijet events!!
Q7+ Jet width dependent studies

e , \ \.{." 17/
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“Shooting Jets with Different Width” through the Medium

Narrower jets Wider jets
A ::::i::::i:'::i:\::"
g | = ]
=% 1 -
S -.q) —
5||._l 4 - 4 -
1 - LY O PbPb-pp(p.),
M PR ] ] oo oo by o o Ty | P A A A “lT'. ] | I B
0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5
A A A A

N
\  Quenched energy distribution depends on the R parameter
. used in the Anti-k; algorithm
A

4 JHEP 01 (2016) 006 A = \/ A(P%rk,jet + A']%rk,jet
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“Shooting Jets with Different Width” through the Medium

Narrower jets Wider jets
LA R R N a Y ("' LI DL DL B LA
PbPb - p@- PbPb - p@l PbPb - p@- PbPb - pg R = 0.5 |
S‘ 0 i : i 'U b= 1 . = (;)
@
g —
-5 | i
O PbPb -pp(p.),
1 | NPT IR A | | ....I....I....I....‘Tl...l | I B B S
05 1 15 05 1 15 05 1 15 05 1 15
s A A A A
\ o ptTIrk (GeV/c):
* Quenched energy distribution depends onthe  mos5-1.0m@2.0-4.0
\ . . .
R parameter used in the Anti-k; algorithm [11.0-2.04.0-8.0
/A« Soft particles extends to larger A in dijet *>05 [8.0-300
| events reconstructed with larger R parameter
4 JHEP 01 (2016) 006 \/ Ad%. e + A'lTrk ]et

CMis, _ | » -~:,"[ \ s
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Recent CMS Results on Jet Quenching

Subleading jet

(e )

Jet 1, pt: 70.0 GeV

Jet 0, pt: 205.1 GeV

Leading jet

\ / \ ﬁavor Dependence of\

the Parton Energy Loss

through heavy flavor
meson suppression

P
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DO Reconstruction in PbPb

% DK 1r* , BR = 3.88+0.05%, ct(D% = 122.9 um

« DO candidates reconstructed by combining oppositely
charged tracks

 Tracks with high purity selection, |n|<1.1 and p> 1 GeV/c

* No (K-1r) particle identification applied: two mass
assignments for one track pair—Two candidates for one
track pair

*» Topological selections:
= 3D decay length significance (d;p/0(d3p))
= Pointing angle a
= Vertex x? fit probability

SV
QP

PV

cms,
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DO Signal Extraction: D°—K-11*

MS Preliminary PbPb ys,, = 2.76 TeV
t:{; : I | | I | | | | | | I | | | I | I | | I I I :
= B . .
o syl < 1.0 — Fit ]
N [ NG — a
< 5000 <N Pr < 90 GeVie D°+D° Signal =
2 i - Combinatorial 7
[ 4000 Misid. D° -

Combinatorial background
(Exponential function) 2000

1000

- |
T T T 0 O e o o e —

1.9 1.95 2
m_ (GeV/c?)

Misidentification (K-11 swapped) due to

wrong mass assignment (Gaussian)
CMS PAS HIN-15-005
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DC Signal to Background Ratio Comparison

CMS

Compact Muon Solenoid

0-10%
(No K-1r ID)

0-20%
ArXiv 1203.2160

Entries / 12 MeV/c?

1000

800

600

400

200
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CMS Preliminary

PbPb \ 5, = 2.76 TeV

(\’l-\ T T I T T T T [ T ‘ T T T T ‘ T T T L
S 35001 -
g - Cent. 0-10% - Data ]
o 3000f [Vl <1.0 —Fit =
:_‘; E 25< P, < 3.5 GeV/c D%4D? Signal
2 2500 --- Combinatorial
c B = L 0
Lu B " g .
2000F e X [misig. o
1500+
1000} -
500 -
0 ;. =TT e }

"J-":I-.95 2
m,, (GeV/c?)

1.8 1.85 1.9

-—2<pt<3 GeV/c

D° - K =&+
and charge conj.

Pb-Pb, ys,,= 2.76 TeV
Centrality: 0-20%

<+

1.863 + 0.003 GeV/c?

H:
c =0.017+ 0.003 GeV/c?
S (Bc) =538 + 84
O - T e B =T

Invariant Mass (Kn) (GeV/c?)

High pT Physics in the RHIC-LHC Era

Entries / (10 MeV/c?)

Entries / 12 MeV/c?

CMS Preliminary PbPb \s,, = 2.76 TeV

,\|\|[lflfllll'\l'\]'\l}|\|\|f|fl[llll,

200 -
180 f_ Cent. 0-10% - Data _E

C <10 —Fit ]
160 — -

- 11.0< pT <13.0 GeV/c D%4+D° Signal .
140 --- Combinatorial
120 [Imisid. D° =
100 %

u = 1.876+ 0.005 GeV/c?

5 ¢ =0.020+ 0.005 GeV/c?
S (30) =62+ 15
OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIT
175 18 185 19 195 2 2.0¢

Invariant Mass (Knrt) (GeV/c?)



DC Signal to Background Ratio Comparison

CMS Preliminary PbPb {5, = 2.76 TeV

DE'EEGG—' T I LB I T 1T I LI I LI I T TTT I TT —

E [ Cent. 0-10% --Data ]

3 - - 55<p <7.0GeVic 0% D0 Signal 4
s ) M 1
3 £ * -~ Combinatorial
& 15001 EImisid. o° 7

1000

0-10% :

500/
(No K-Tr D) :
L —_ |

] - v
"-I'.T 175 18 18 19 18 2 205
m_. (GeV/c")

-

T -

ALICE, 0-10% Pb-Pb, 5, = 276 TeV
<08

D’~ K'* and charge con.

8(30) = 2034 + 106
S/B(30) = 0.24

Entries / (10 MeW/c?Z)
]
=

- e a0 1= (1866 £.0.001) GeV/?
0-10% oooF-0 = (0.018 £ 0.001) GeV/c’

ArXiv 1506.06604 B
| M(Kn) (GeV/c?)

be p.< 8 GeVle

Entries / (10 MeV/c?)

Entries / (10 MeV/c?)

250}

200

Elmisid. o°

CMS Preliminary PbPb ys,,, = 2.76 TeV
T I rTTT I T TT I LI I LI I T TTT I LI I_I

- Cent. 0-10% = Data E
Colyl<1.0 — Fit ]
L 90= p, < 11.0 GeV/c D”+§ Signal B
=~ Combinatorial -

150 + +, +
i t
100 -
501 .
Em'..-q».:1:1".l.‘|.-x-r-.l.rr:-:......lb— B
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Acceptance and Efficiency Correction

de,r;;pb o fprmnpr ) %NE;I:F” _ 1
dpr Apt Nwmg - Br (& % E)pmmpf
0 SCMS Simulation PbPb {/s,, = 2.76 TeV
g vrprtprtr I"'_'I""ID""I""I""I"": . .
0457 EIET;E';Y 0-100% 1 @ Combined effects of tracking
8 0.4f ——= efficiency and D° meson
X 0.351 L — = 3 selection efficiency
S - .
0.3 R E -
0.25 ++_,_ 4 @ Acceptance and efficiency of
0.2 ~+ ﬂ 4 non-prompt DO
o5t T T PromptD 1 (DO from b-hadron decay)
ot *T ~nNonprompt° 3§ Will be used to estimate the the
00sE " 1 B feed-down correction factor
e, 3
o). 2 I W E W W N R
5 10 15 20 25 30 35 40
p. (GeV/c)
CMS PAS HIN-15-005
CMS : ] . 59 i S\
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B—D Feed-down Correction

dNpypy, (foromp- 3NG 1

dpt Apt Nump - Br - (& X €) prompt

CMS Simulation PoPb 5, =276Tev »  Non-prompt D° subtraction:

% 1 |' |.|||||;I|| | '|' E raw
= 0.9 IHIHH _ f -1 Non— prompt D°
E - - prompt — — 1
c 0.8 - N ra(l)w
c - . 2 D
207F = -
S 1 » Raw yield of non-prompt D°
5 06F E « Beauty production from FONLL
E 0.5E [« | Prompt D° fraction, foompt 3 -
SU9F S [1], decay with EvtGen or PYTHIA
04F Cent. 0-100% 3
- ly|<1.0 . ..
0.3F = « Acceptance and efficiency from
020 3 PYTHIA+HYDJET
0.1 = 0 .
T T T * R, 0f non-prompt D® constrained
0510 15 20 25 30 35 40 by non-prompt J/y and b-jet R,
p, (GeVic) [1] M. Cacciari, M. Greco, P. Nason, JHEP 9805 (1998) 007
CMS PAS HIN-15-005 CMS PAS HIN-12-014 Phys. Rev. Lett. 113, 132301 (2014)

CMS 3 ) . ] . [ . ‘A,‘?,."ﬂ “-..
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Prompt D° Spectrum and R*,, in Centrality 0-100%

pp_reference:
* | pr <16 GeV, data-extrapolated, scaled from
ALICE pp @ 7 TeV [1] with FONLL [2]

* p;>16 GeV, FONLL calculation

e CMS Preliminary ~ PbPb s, = 2.76 TeV CMS Preliminary PbPb s, = 2.76 TeV
E EI T TT | T T | T T | T T | T 1T | [ | T 1T | T TTT E . & 2_| T 11 | T 11 | T T T 1 | T T 11 | T T T 1 | T T 11 | T T 1T | T T 1T _L
-8_ % E |'y‘| <1.0 E 1 8:— —s— Prompt Dﬂ R;A Cent. 0-100% _:
a © 10% @ — r Syst. PbPb data ly| <1.0 .
= - 0 = - -
Z% o~ S PbPb, Cent. 0-100% 3 1.6~ [__]Err. pp reference -
= L . B 4
© 1o’k ™ « | pp Reference | 1ab I Syst. Tpa +Nyg*BR ]
T I—é - o] Filled markers: data-extrapolated reference 5 L Filled markers: data-extrapolated reference N
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Prompt D° Spectrum and R*,, in Centrality 0-100%

pp_reference: - —
- [ p; < 16 GeV, data-extrapolated, scaled from || Prompt D” production is
ALICE pp @ 7 TeV [1] with FONLL [2] strongly suppressed in PbPb

collisions
* p;>16 GeV, FONLL calculation
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Comparison with Theoretical Models

CMS Preliminary PbPb {5, = 2.76 TeV
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Flavor Dependence of the

CMS Preliminary

PbPb \/s, = 2.76 TeV
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CMS Experiment at LMC, CERN L
Data recorded: Wed Nov 25 12:21:51 2015 CEY | I O O
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D® and B* peak in proton-proton collisions @ 5.02 TeV

D® mesons from online trigger

: - | _ .
Excellent D meson trigger efficiency! (Partial statistics)
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2.5 billion minimum-bias events recorded for low p; D meson analyses
(pr<20 GeV/c). D° meson trigger for high p; D° analyses (p;> 8 GeV/c)
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DY and w peak in PbPb collisions @ 5.02 TeV

D® mesons from minbias and online trigger (partial statistics)

PbPb, \s,,= 5.02 TeV s =
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A large minimum bias sample (and centrality triggered sample) is recorded for
low p; D°, D*, D* and D, analyses

cms,

Yen-Jie Lee (MIT) High pT Physics in the RHIC-LHC Era %id f 3}_\ /A

!



Jets and photons @ 5.02 TeV

PbPb, |/s,, = 5.02 TeV
I I T T ! T |
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Excellent photon trigger performance Extended the jet p; reachto ~ 1 TeV
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 CMS has made significant progress on the studies of jet
guenching with jets and heavy flavor mesons, in pp, pPb
and PbPb collisions

* The direction of the future CMS analyses:

* Focus on more and more “exclusive” processes and
study the event-by-event fluctuation of jet quenching:
splitting functions, jet mass, jet width ... using jet-track
correlation

« Cover experimental observables with jets and mesons
for the study of flavor dependence of the jet quenching

cms,
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Comparison with charged particle R,

CMS Preliminary Pbe \f =2.76 TeV
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Efficiency and Acceptance Correction
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do( p—>B+X)/de [ub/GeV]

chs, !

ATLAS result at 7 TeV
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CMS Preliminary PbPb |5, = 2.76 TeV CMS Preliminary PbPb \s,,, = 2.76 TeV CMS Preliminary PbPb |5, = 2.76 TeV
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Nuclear Modification Factors:
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Information for pPb Analysis

* CMS experiments of pPb collision in 2013
* LHC delivered 4TeV (p) and 1.58 TeV/nucleon (Pb) beam
* Integrated luminosity : 34.8 nb-1

* rapidity boosted to proton going side(forward) by 0.465 in lab
frame

« Charged B, B, B_trio are measured vi J/\y decay channels

« Kinematic range covered
* pr:10-60 GeV/c
* rapidity : |you|<1.93

 B*and B-are inclusively measured and expressed as B*
from now on
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Hit Position Resolution
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Acceptance and efficiency correction

.0 gCl\‘fIS Sirlnulatioln | Pblpb SNIN = 2-7|5 Tev 1C|\r’|S Sirlnulatioln | PbIPb \}SN‘N = 2-7|5 TeV 05 CMS Simulation PbPb {s,,, = 2.76 TeV
- _I T LI LI T TT TTTT LI T TT T TT I_ 2 :\ T T TT T TT T TT T TT T T 1T LI T TT I: 2 . T | T T T T | T T 1771 | T T T T | T T T 7T | T T T 7T | T T T 7T | LI
w@ C Centrality 0-100% ] wa 0.9 u Centrality 0-100% ] wé’ - Centrality 0-100% ]
. 9 —— C i
x 08 vl <1.0 . - <10 . 1 O <10 :
® o7t 4 08 - 1 8 04f —F—
—_— -+ T o E
0.6 i 3 0.7¢ -+ 4 x 0.35F —*—:i: —
] - — C
C - 3 0.6 - - =
05F = e e : 0.3F +++
C — 44— 0.5 — c
— F B _ —
04F = — 3 g - 1 025 -
B - . 0.4F * —— 3 -
0 3:_ * - —— Prompt D° e u - —+— Prompt D° ] 0.2 -+ 5 g
Feat ] 0.3 - 3 c -+, —— Prompt D
(I ~ ] -
- ] B 5 0.15 -
0.2F —=— Non-prompt D° — E —=— Non-prompt D = =
; . 0_2:_¢ - ] 0 13_ e —=— Non-prompt D°
> E 0'1;{: E 00sE " E
0:I 1 ‘ 1111 | 1111 | 1111 | 111 | | 1111 | 1111 | 111 I: 0 L1 | 1111 | 1111 | 1111 | | | | L1 11 ‘ 1111 | 111 I: . E.‘. E
5 10 1 5 20 25 30 35 40 5 10 1 5 20 25 30 35 4c OI'I- | | | | 111 | | L1 1 | | | L1 | L1 1] | 1111
P, (GeV/c) P, (GeVc) 5 10 15 20 25 30 35 40

P, (GeV/c)

®axe. ., prompt DO higher than non-prompt DO (DO from B-hadron decay)
» Tracks from non-prompt D° are more displaced from primary vertex than
tracks from prompt D°
» Hi tracking has lower efficiency on further displaced tracks

® e_,..: hon-prompt DO higher than prompt DO
» Non-prompt D° are more displaced from primary vertex than prompt D9, thus
bigger dO/error_dO
CMS PAS HIN-15-012
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pr(GeVlc) | do/o(dg) | « (radians) | Vertex Probability
2.5-3.5 > 5.90 < 0.12 > (0.248
3.5-4.5 > 5.81 < 0.12 > 0.200
4.5-5.5 > 5.10 < 0.12 > 0.191
5.5-7.0 > 4.62 < 0.12 > (0.148
7.0-9.0 > 4.46 < 0.12 > 0.102
9.0-11.0 > 4.39 < 0.12 > 0.080
11.0-13.0 > 4.07 < 0.12 > (0.073
13.0-16.0 > 3.88 < 0.12 > 0.060
16.0-20.0 > 3.67 < 0.12 > 0.055
20.0-28.0 > 3.25 < 0.12 > 0.054
28.0-40.0 > 2.55 < 0.12 > 0.050

Table 1: Summary table of the selection criteria in different pr intervals.
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CMS Preliminary

PbPb \s,, = 2.76 TeV
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CMS vs. ALICE Results

CMS PAS HIN-15-005
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B Meson Acceptance and Efficiency

* Raw yields are corrected by acceptance and efficiency

1.4

1.2

Acceptance
o o o
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Acceptance

CMS Preliminary p+Pb {s,,=5.02 TeV
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Differential Cross-section in pPb @ 5 TeV

doB

dpr

B
:1 L N ||ycml<2.4
lyom|<2.4 2 Ay Apr (Acc X €) - BR - Liyt

 pp reference : FONLL expectation is used

« agreement with CDF and CMS(ATLAS) data
e calculated in http://www.lpthe.jussieu.fr/~cacciari/fonll/fonllform.html
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Rapidity Distribution in pPb @ 5 TeV

« Rapidity dependence of B* production
34.6 nb™ (pPb 5.02 TeV) . 34.6 nb™" (pPb 5.02 TeV)
600 CMS 10 <p_< 60 GeV/c 35E_CMS 10 <p_<60 GeV/c
L + e +
a 500} [=pPb ° 3_ &lgﬁ;‘s)?u Pb data i
Q . — Scaled FONLL pp ref. ' . '
=. - - Syst. FONLL f.
=~ 400; ------ FONLL pp ref. uncert. 41 2.9F %sﬁt, int. |umi&p|;§e
O L ] -
& 300 > 2
P Em*‘é 150 5
100" 0.5/
O:IIIII|||||I||I|I||||I||||||||| OE..IH..I.l..ll...lu...ll...l...
3 2 1 0 1 2 3 2 -1 0 1 2
yCM yCM

R,A"ONt is compatible with unity within theoretical and
experimental uncertainties PRL 116 (2016) 032301
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Jet Transverse Momentum Spectra

) 51 50 ub™ (PbPb 2.76 TeV) 35 nb™ (pPb, 5.02 TeV)

_ ;:: oty CMS Preliminary Nuclear Modification Factor (R,,):
-4 Inclusive jet R (0-100% 0.5 .
s 2[ oA, ¢ ) Ml < —| Ratio of the jet cross-section in PbPb
S | —+— Inclusive jet R (0-5%) |n/<2 ] and pp scaled by the number of
'-'C- I 1 nucleon-nucleon collisions
215 -
cs - -
8] _ ..
ST H T 1], pPb Collisions
O - +[+ L E X I N R + C g - :
= e i s o Sl e el ol Bl i e B il No significant modification
E _ 4
s | il
- = -
205__ 00:"§*++ * __
i 1 Head-on PbPb Collisions
O -I L1 1 I L1 11 I L1 11 I L1 11 I L1 11 | L1 11 I L1 11 I L1 1 I- Large SUppreSSIon Of high pT jet
0O 50 100 150 200 250 300 350 400
Jet P_ [GeV/c]

Large final state effect observed in PbPb collisions
Is the jet structure modified in PbPb collisions?
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Charged Track Impact Parameter Resolution in pp

CMS TRK-PAS-11-001 ZO

CMS simulation 0 CMS simulation
c N R R S R RN R R Z=J AR RN RN ARAN RARRN RAARNRARAN RRRRE LARRN ALY
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5 4 w,p_=10GeV | od N
c m n5,p_=100GeV (4 C L A3
: : : ; ; -
0 k)
= 5
[e) o)
® 3
o’ 102 o

—h
o
N

A 15, p_=10 GeV
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-25-2-15-1-050 05 1 15 2 12_].5 -25-2-15-1-050 05 1 15 2 12].5

Track impact parameter resolution:
o dy: ~80 ym @ 1 GeV/c, ~20 ym @ 10 GeV/c
o0 Zy: ~100 ym @ 1 GeV/c, ~40 ym @ 10 GeV/c
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1/N dN/dx

a O N o0 O

nNnN W A

gluon fragmentation (p; > 50 GeV)

gluon frag., with p; > 50 GeV selection bias

leading

| hadron

R=1.0jet

Yen-Jie Lee (MIT)
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CMS Preliminary

pp 5.3 pb™ (2.76 TeV)
Leading Jets ..

Subleading

Yen-Jie Lee (MIT)

A;>0.22 anti-kT R = 0.3, |njet| <1.6
120 < p_ <300, p > 50 GeV/e, Ap, > 5n/6

PbPb 166 ub™ (2.76 TeV
0-30% Central -
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Multiplicity Difference

What is the multiplicity of
the particles that balance the “extra”
lost p;?

P,

\4

chs, !

. - ; 5 o > .x“:““";" : 4 ,“‘
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Multiplicity Difference
] What is the multiplicity of
the particles that balance the “extra”

,_lost p;?

ey

- -
—

Compare the multiplicities in the leading and
subleading jet hemispheres

Direction of the dijet is defined as:
Pgijet =72(P; + (TT-0,))

(In contrast to PRC 84 (2011) 024906, where
the leading jet direction was used)

Provide UE cancellation differential in AR

I
I
I
I
I
!
.. v (pl
(pdljet !
Figh T Physics inthe RHIC-LHC Era N

cms 1 _
Yen-Jie Lee (MIT)




Multiplicity Difference (subleading — leading jet)

What is the multiplicity of
the particles that balance the “extra”

. _lost p;?

ey

-Q):
q

Compare the multiplicities in the leading and
subleading jet hemispheres

cms,

P,

Yen-Jie Lee (MIT)

Direction of the dijet is defined as:
Pgiet =72(P1 + (TT-9,))

(In contrast to PRC 84 (2011) 024906, where
the leading jet direction was used)

Provide UE cancellation differential in AR
N, in leading jet

A _ Nginsubleading _ |
mult — jet hemisphere hemisphere

High pT Physics in the RHICQLHf Era 6/;,\



Multiplicity Difference (subleading - leading jet)

= (pT 1P/ (P11+PT>)

JHEP 01 (2016) 006

O8]
)

—i
&)

Hemisphere <A >
N
-

CMS 50 1 00%
-—— PbPb 166 ub™' (2.76 TeV)r

:—EI— pp 5.3 pb™ (2.76 TeV)
i PYTHIA+HYDJET
- PYTHIA

00—t

Symmetric Dijet /
Events

0.1 02 03 04
AJ

VSpn = 2.76 TeV

Three / multi-jet

events

\'S\n=2.76 TeV
anti-k; Calo R=0.3
mtrkl <24

p‘Trk > 0.5 GeVic

Multiplicity difference between the subleading and leading hemisphere
IS Increasing vs. dijet asymmetry in pp and peripheral PbPb.
There are more charged particles in the subleading hemisphere

High pT Physics in the RHIC- L1—lEra %\ .

Yen-Jie Lee (MIT)



Multiplicity Difference (subleading - leading jet)

JHEP 01 (2016) 006

A; = (Pr1-P12)/ (pT,1+pT,2)

 This increase is larger in central PbPb

" 0-10%

F CMS 50-100% 30-50% I 10-30% I B
[ PbPb 166 ub'1 (2.76 TeV)_': 1 I 1
—Spp5.3pbT (276 TeV) T T T .
—— PYTHIA+HYDJET 1 I @ + ]
--PYTHIA 1 T 1 E— ;
r 1 T b Lt T ]
i i —— s S — P
L = A B e e o |— e
== I = I = o A= ]
f Q.C%. ........... O = O —=— O
-------------- R o L L L L O L I L LI S IS LN IS RS
antlk R=0.3 1 pl*>0.5GeV ' i

. >120GeV i |ﬂtrk|<24 { PbPb-PP
-p >50GeV E3 I —

_Aq) > 51/6 kS 'TL — +
|n|n|<16 Ed .+.' P ]
_ 1 ] My 1Lt i

C L (] 1 L' | I

3 S T R N ﬁ‘:‘z}: i i '
:b+$ == 4} ¢ |

.................... : roal |I||||: Ll

0.1 02 03 04
AJ

11 I L1 1 1 I L1 1 | I L1 1 | I L1 1
01 02 03 04
AJ

IIIIIIIIIIIII
01 02 03 04

/

A,

IIIIIIIIIIIIIIIIIII
0.1 0.2 03 04

 The enhancement in PbPb compared to pp increases with centrality

» Large A;, 0-10%: ~16 extra particles (p>0.5 GeV) in the
subleading jet hemisphere

cms,

Yen-Jie Lee (MIT)
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What is the multiplicity and
prspectra of the particles that
balance the lost p;?

Charged particle
azimuthal angle

” —Z PT COS (471 PDijet )

Dijet axis

Projection to dijet axis

Cins, !
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Missing p;lvs. A,

More energy flow
In the subleading jet direction

JHEP 01 (2016) 006

0-10% PbPb

-60
More energy flow
In the leading jet direction

IIII>

Sy =276Tev A
01020304 07020304
AJ AJ

p, >120, p_>50 GeVic

The momentum imbalance inside the jet cone is restored mn,.n,<050,4, ,>5x/6
If we consider all particles in the event
In both pp and PbPb collisions)

cms 1 _
Yen-Jie Lee (MIT)
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Missing p;lvs. A,

JHEP 01 (2016) 006

pp 0-10% PbPb

More energy flow
In the subleading jet direction

p‘Trk (GeV/c): 5
[]05-1.0[]2.0-4.0 ——
[ ]1.0-2.04.0-8.0 A~
— -

+ >0.5 3.0 - 300

200

-40 = =2.76 TeV
'60"'0'1"0'2"63"64 """ bi"bé"bé"di"
More energy flow
In the leading jet direction AJ AJ

* Missing p; from high p; particles increases as a function of A,
* In pp —> Balanced by 2-8 GeV/c particles
* In 0-10% PbPb — Balanced by particles with p; <4 GeV/c

cms 1 . . & SN
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D and B Meson Decay Channels

m = 3.10 GeV/c2
Jiy

C
B0 Decay
Vertex
Primary Collision

Vertex Primary Collision
Vertex

u+
u-
B.
m = 3.10 GeV/c?
m = 3.10 GeV/c?
Jiy e /

~ —7 K*
m‘?- v {::?

o A IES TN
y = 1 02 GeVic?
B+ Decay B B, Decay
Vertex

s Vertex

Primary Collision Primary Collision
Vertex Vertex
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B* Meson Mass Spectra in pPb

34.6 nb”' (pPb 5.02 TeV)

c\,1_200:_(:“”8 10 <p_<15GeV/c
= [B™+B Y gl < 24
6150:- - Data
E i — Fit
Nt Signal
100p = = Combinatorial
8
£ 50}
LLJ ¢¢ ¢
......... T . W T

Eﬂh;.—' ]

%4 52 54 56 58

/ mg (GeV/c?)
Peaking background from

B—J/yX, for instance B —J/gKTr Inclusive J/y + Track
combinatorial background

S, | _ . N = SO
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Centrality Dependence (CMS vs. ALICE)

O

3
CMS Preliminary PbPb |'s,, =2.76 TeV
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Clear D° Signal in p; Range 2.5 to 40 GeV

CMS Preliminary PbPb \JSNN =276 TeV CMS Preliminary PbPb "SNN =276 TeV
tq‘- C T T | T T T T ‘ T T T T | T T T T | T T T T _] c-\T‘-- FT T 17T ‘ T 1T ‘ L | L | L | L ‘ T 1719
S r ] S B i
) - Cent. 0-100% - Data B o - Cent. 0-100% ~-Data 1
< 6000} _ ] S 500 ) -
o [ M<10 —Fit 15 [ <o —Fit ]
E 50001 25<p <35GeVic D%+D° Signal - E 400:_ 11.0<p <13.0GeV/c D°4D° Signal _:
2 r --- Combinatorial 7 2 - --- Combinatorial -
I 40005 [misid. D° - A - MMisid. D° 1
AR o . 300j B
sooof e = i i
D mesonp; - 20044 44y . 11-13 GeV
25-35GeV : LN :
1000 - 100r E

"Il_J_J_J'_'_I'_'_"_'_t;t;}.;f.;]'_l_i;}_.[_'l_'_L'_1.'_1.'_1'_'1'_'J'_'J'_'_\L'_:__L_L_'LTI"'
?.7 175 18 185 19 195 2 2.05

18 18 19 1.05 2
) m,, (GeV/c®)

m_ (GeV/c®

CMS Preliminary PbPb \s,, =2.76 TeV CMS Preliminary PbPb \s,,, =276 TeV
(r‘. 140—! LI ‘ L ‘ T 1T | L | L | L | T T cq-\ _I LI ‘ T 1T ‘ L | L | L | L ‘ LI I_
L B ] L 40 -
E 1ol Cent. 0-100% -+ Data i E C Cent. 0-100% -+-Data .
o - lyl<1.0 —Fit 1 o 35 Iyl<1.0 —Fit 3
:_; 100l 20.0 <p_<28.0 GeV/c D% D° Signal E 305_ 28.0<p <40.0 GeVic D%+D° Signal _
2 C == Combinatorial ] 2 - == Combinatorial ]
T [Nwmisid. D° ] o 250 MMmisid. D° e
C i 20 =
20-28 GeV e 7 % 1 28-40 GeV
i ] 15¢ 3
40 - c

20 ¢ ++ t 4 - sk + + {’ ++ E
0;1—1—1 s a3 P PRI A o s wor e 0;:47,4,4,4,,‘1,1545,(,(1,/ e Y W A R s Tttt e zm;

17 175 18 185 19 1.95 2 22.05 17 175 18 185 19 195 2 22.05

m, (GeV/c") m, (GeV/ic))  CMS PAS HIN-15-005

| A
» .

i \\““.""’ ‘ ’
Yen-Jie Lee (MIT) High pT Physics in the RHIC-LHC Era T I ﬁ\% :

i




B Meson Reconstruction in CMS

charged track —

Bt candidate

mtion J/y candidate
muon
charged track intermediate state BY, BY% candidate
candidate
charged track K* for BO,¢ for B,
- BY . Jly + 1 track (kaon, p> 0.9 GeV/c)
« BY : Jly + 2 tracks (kaon + pion, p;>0.7 GeV/c)
« B, : Jly + 2 tracks (kaon + kaon, p+>0.4 GeV/c)

« Charged tracks and muons are reconstructed within |n| < 2.4
« Trigger muon p; > 3 GeV/c
« No PID: Assigned the mass of kaon or pion to charged tracks

s, ! o | SN o/
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CMS vs. ALICE using FONLL as Reference

chs, !

CMS Preliminary

PbPb \'s,,, = 2.76 TeV

Data/FONLL center

N W
IS L L B I B
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0.5

e CMS/FONLL center value
CMS Syst. PbPb data

—a— Alice/FONLL center value
Alice Syst. PbPb data

—
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waw
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IR
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D® and B* peak in proton-proton collisions @ 5.02 TeV

D® mesons from online trigger B* meson from dimuon triggered sample
Bt - J/y K" — utu K"
CMS Preliminary PP \Syy = 5.02 Te
:I LI ‘ 1T 11 | T 1T 1 L I| I | L I: 3001‘IIIIIIIlIIIIIIIIIIIllllllllllllllllll IIIIIIII:
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o 12007 ’ E ﬁ 15[;: S Non-prompt JAy ]
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- = = i _
W 600[- K, w [ , ]
400 : SOLHE Rt N\ b badnd -
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2.5 billion minimum-bias events recorded for low p; D meson analyses
(pr<20 GeV/c). D° meson trigger for high p; D° analyses (p;> 8 GeV/c)
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“Shooting Jets with Different Width” through the Medium
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do(pp — B"™X)/dp_ [1b/GeV]

do / dogon
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Results from pp @ 7 and 13 TeV

Transverse momentum spectra
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« ppat7 TeV and 13 TeV are in agreement with FONLL calculation within the quoted
uncertainties
The central values of 7 TeV data match better with FONLL center value than 13 TeV
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B Meson Mass Spectra in pp and pPb
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Nuclear Modification Factor : RpAFONLL

( de ) PRL 116 (2016) 032301
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* R "N is compatible with unity within given uncertainties for three B mesons
* pp reference data at 5 TeV can significantly lower the systematical uncertainty
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